) are still desired to reduce CO 2 poisoning, increase catalyst activity, and improve heat management in HEM electrochemical devices.
, largely due to their intrinsic compatibility with non-precious-metal catalysts 2, 22 and superior CO 2 tolerance 23 compared to liquid alkaline electrolytes 24 . The active hydroxide-conducting component of an HEM is a cation that is covalently linked to a polymer backbone. Organic cations based on nitrogen [ammonium 25, 26 , pyridinium 27 , guanidinium 28, 29 , imidazolium 6, 30 ], phosphorus [phosphonium 3, 8 ], sulfur [sulfonium 31 ], and ruthenium [bis(terpyridine)ruthenium 7 ] have been introduced, featuring specific HEM properties including improved solubility 3 , enhanced thermal stability 31 , and increased basicity 32 . New cations with chemical stability at elevated temperatures (>80 °C 33, 34 ) are still desired to reduce CO 2 poisoning, increase catalyst activity, and improve heat management in HEM electrochemical devices.
Alkali metal cations (e.g., Li + , Na + , and K + ) provide the highest OH − conductivity and show excellent stability, but at present cannot be covalently tethered to a polymer backbone for HEM applications 35 . Organic bis(cyclopentadienyl) metallocenium cations based on VIIIB family metals [(C 5 H 5 ) 2 M(III) + or Cp 2 M(III) + , M = Co, Rh, Ir, or Mt] satisfy the 18-valence electron stability rule and resemble alkali metal cations: They bear one unit of positive charge, may be precipitated by the addition of excess anions, and with hydroxide as counter-ion absorb CO 2 and water from ambient air 36 . In particular, cobalt is the smallest atom in the VIIIB family and forms the strongest metal-ring bonds, resulting in the most stable metallocenium cation, Cp 2 Co + (cobaltocenium) 37 . While Cp 2 Co + has been used in strongly basic anion-exchange resins 38, 39 and water-soluble redox-active oligomers/polymers 40, 41 , none of these compounds appears suitable for HEM applications. In addition, the stability of Cp 2 Co + may be still limited due to its unsubstituted Cp rings.
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Here we introduce the concept of using permethyl cobaltocenium [(C 5 Me 5 ) 2 Co(III) + or Cp * 2 Co + , Fig. 1a ,b] as a highly stable cation for polymer HEMs that are required in designing able and durable electrochemical devices. + showed no change in UV-vis absorption after the stability test (Fig. S4) . For comparison, a typical ammonium cation (trimethyl benzylammonium) degraded by 18% in 24 hours (Fig. S5 ). Cp + demonstrates a level of stability that has not been achieved by any known HEM cations (Fig. 2) .
Results
The reduced charge on cobalt also improves the basicity of the cation hydroxide, since weakened cation-anion interaction favors dissociation. Indeed, the base dissociation constant (K b (Fig. S7) . The feasibility of this approach was established by a series of small-molecule model reactions (bromination, Fig. S8 ; anion exchange, Fig. S9 ; amination, Fig. S10 ; and cation incorporation, Fig. S11 ), in which benzyl chloride functioned as a surrogate for the halomethylated polymer. The Cp * 2 Co + cation was first brominated to introduce a single halomethyl group. In addition to 1 H NMR spectroscopy (Fig. S8) , the bromination step was further confirmed by 13 C NMR (Fig. S12 ) and mass spectroscopy (Fig. S13 , no sign of multiple bromination). In parallel, one amine group from hexamethylenediamine (HMDA) was linked to benzyl chloride by amination (leaving the other amine group intact). Then, the remaining unreacted amine group from HMDA was used to link the brominated Cp Reaction conditions for all steps were optimized (yield > 95%, 1 H NMR spectroscopy). In a similar manner, Cp * 2 Co + -PSf was synthesized (Figs. S14 and S15) and then membranes were prepared. Unlike the small-molecule model reaction, proper reaction conditions are critical for amination of polysulfone. Firstly, a low reaction temperature (e.g., 20 °C) avoids the ammonolysis that leads to polysulfone depolymerization (observed at 40 °C and higher). Secondly, a large excess of amine (e.g., 20 equiv.) avoids cross-linking in which one amine molecule reacts with two chloromethyl groups. Once cross-linked, the polymer becomes insoluble, and is no longer suitable for further reactions.
Note that the hydrophobic 44 Co + -PSf membranes were found be to flexible, uniform in thickness, and transparent (Fig. 3a) . ), directly revealing detailed features of the membrane microstructure (Fig. S16a) . Overall, the hydrophilic (dark) and hydrophobic (light) domains are homogenously interspersed, which is essential to simultaneously provide ionic conduction and mechanical robustness 16 . The hydrophilic domains show an average size of 15 nm, similar to those in typical ammonium-based membranes (10-30 nm) with the same polysulfone backbone and similar ion exchange capacity (IEC, 1.14 mmol/g) 46 . The presence of cobalt was also confirmed by energy dispersive X-ray (EDX) spectroscopy during imaging ( 
Microstructure and properties of Cp
. Guanidinium: benzyl-pentamethylguanidium (bpmGu) (this work). Pyridinium: benzylpyridinium (bPy) (this work). Phosphonium: tetrakis(dialkylamino)phosphonium (tkdaaPh) [1 M NaOD/(D 2 O+ CD 3 OD)] 8 . Sulfonium: (4-methoxyphenyl)-diphenylsulfonium (mopdpSu) 31 . Ruthenium: bis(terpyridinine)ruthenium (ttpRu) (UV-vis spectroscopy). The chemical structures of those cations are shown in Table S3 . 1 H NMR spectra of btmAm, bpmGu, and bPy are not shown. , nitrogen atmosphere). Benzyl-pentamethylguanidinium (bpmGu), biphenylenetype polysulfone (bpPSf).
z Alkyl-pentamethylguanidinium (apmGu), poly(phenolphthalein sulfone) (PPS). ), suggesting similar cation basicity and hydroxide conduction efficiency. As expected, hydroxide conductivity of Cp (Fig. 3c) is the highest among all reported HEMs: e.g., 60 °C higher than a sulfonium-functionalized PSf 31 , 120 °C higher than a phosphonium-functionalized PSf 48 , or 150 °C higher than ammonium-functionalized PSfs 46, 49 . Note that the thermal gravimetric analysis (TGA) data only reflect short-term thermal stability and are only useful for comparison under similar test conditions. The Cp * 2 Co + -PSf membranes also showed improved alkaline stability: At 80 °C in 1 M KOH, the IEC loss of Cp * 2 Co + -PSf membranes was 18% and 27% of the initial value after 1,000 and 2,000 hours, respectively (Fig. S17) . After the 1,000-hour stability test, solid-state 13 C NMR spectroscopy confirmed that Cp * 2 Co + functional groups remained almost unchanged (Fig. S18 ), but there were clear signs of PSf backbone scission. This result is consistent with that of a recent study 50 , and it further highlights the need for more stable backbones in developing next-generation highly durable HEMs.
Under a more aggressive test at 100 °C for 2,000 hours, the IEC lost was about 50% for Cp * 2 Co + -PSf membranes. Considering that higher test temperature leads to shorter membrane lifetime, the membrane lifetime is plotted against the test temperature (Fig. S19) 50, 51 , and more stable polymer backbones are needed to better match the stable Cp * 2 Co + cation. Very recently, alternative polymer backbones, such as polystyrene 52 and poly(phenylene) 53 , have been shown to have better stability than polysulfone in alkaline media. In principle, the synthesis reported here may be modified to employ those more stable polymer backbones. The incorporation of Cp * 2 Co + cation to more stable polymer backbones and the synthesis and stability of their resulting membranes warrant important future research.
In the amination step, the chain length of the diamine linker between the polymer backbone and the Cp * 2 Co + cation was found to affect membrane flexibility, likely resulting from the incompatibility between the rigid hydrophobic polymer backbone and the bulky hydrophilic cation. Increasing the chain length (e.g., ethylene 54 , propylene 54, 55 , and hexamethylene [56] [57] [58] ) between cation and backbone helps alleviate this incompatibility. Indeed, HMDA, with six carbon atoms and two nitrogen atoms, was found to be a good choice for preparing flexible, robust membranes.
In the cation incorporation step, although Br-Cp * 2 Co + PF 6 − could react at two possible amine sites -either close to the polymer backbone (the basal secondary amine) and or at the end of side chain (the terminal primary amine) (Fig. S7 ) -a reaction was only observed at the terminal site, even for the less-hindered model molecule (Fig. S10) 16 . In summary, Cp 
Methods
Computational methods for calculating ΔH f , δ Co , and pK a . Heat of formation in gas phase (Δ H f ) of the cation and partial charge at the cobalt atom (δ Co ) were calculated by the software MOPAC2012 (Stewart Computational Chemistry) through the graphical user interface Vega ZZ (version 3.0.1.22, Drug Design Laboratory at the University of Milan). The keyword CHARGE = 1 was used to specify the total charge of the cation, and the keyword PRECISE was used to tighten convergence criteria. Conjugate acid dissociation constants (K a ) of two amine groups (basal and terminal) in hexamethylenediamine connected to polysulfone polymer and a benzyl group were predicted using the pK a module of the software MarvinSketch (version 5.12.3, ChemAxon Ltd.) through an empirically parameterized method based on partial charge distribution 66 . One repeat unit of polysulfone with hydrogen atoms as end-groups was used in place of the whole polymer for the pK a calculation.
Experimental method for measuring pK b . Consider the dissociation equilibrium of a general base:
In the equilibrium state, (Fig. S9) .
Synthesis of BAHA-Cp * 2 Co + Cl − compound. First, benzyl chloride was aminated by excess (20 equiv.) hexamethylenediamine (HMDA). Specifically, 0.127 g (1 mmol) benzyl chloride was dissolved in 10 ml N-methyl-2-pyrrolidone (NMP), then 2.32 g (20 mmol) HMDA and 0.652 g (2 mmol) cesium carbonate were added into the solution. The amination reaction was carried out for 24 hours with stirring at room temperature, then the solvent was removed by adding excess diethyl ether, leaving behind the mixture of desired product (i.e., N-benzylhexane-1,6-diamine, BHDA) and residual HMDA. The HMDA was removed by addition of excess saturated K 2 CO 3 aqueous solution. The leftover BHDA white power was thoroughly washed with deionized water, followed by drying at 40 °C for 48 hours under vacuum. The synthesis was confirmed by 1 H NMR spectroscopy with complete mono-amination (Fig. S10) . Second, (6-(benzyl amino)hexylamino permethyl-cobaltocenium chloride (BAHA-Cp 
Cl
− was added into the solution. The reaction was carried out at 80 °C for 24 hours with stirring, then the solvent was removed by adding excess diethyl ether and the BAHA-Cp * 2 Co + Cl − was obtained after washing by saturated K 2 CO 3 aqueous solution and deionized water sequentially. The reaction was confirmed by 1 H NMR spectroscopy with complete conversion (Fig. S11) and complete selectivity for the terminal amine over the basal amine.
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Synthesis of Cp * 2 Co + -PSf polymer. First, chloromethylated polysulfone (CM-PSf) was synthesized with trimethylchlorosilane and paraformaldehyde as co-chloromethylating agent and stannic chloride as catalyst as reported in detail in our previous work 32 . Second, CM-PSf was aminated with excess HMDA similar to the case of benzyl chloride. Specifically, 0.502 g (1 mmol polysulfone repeat unit or 1.23 mmol chloromethyl group for 123% of DC) CM-PSf was dissolved in 10 ml NMP, then 2.85 g (24.6 mmol) HMDA and 0.802 g (2.46 mmol) cesium carbonate were added into the solution. The amination reaction was held at room temperature for 24 hours with stirring, then the HMDA-aminated polysulfone (HMDA-PSf) white powder was precipitated by pouring the reacted mixture into excess deionized water. After filtration and thorough washing with deionized water, the HMDA-PSf was dried at 40 °C for 48 hours under vacuum. The synthesized HMDA-PSf is completely soluble in organic solvents such as chloroform and NMP, and neither crosslinking nor depolymerization was found for the HMDA-PSf. The synthesis was confirmed by 1 H NMR spectroscopy with 96% conversion of the chloromethyl groups (Fig. S14) (Fig. S15) .
